), in the northeast corner of the MPA where most scallops occur, density declined by 50%. The scallops that perished were large and probably old; 80% had shell heights >130 mm (H ∞ = 155 mm). Only 6% of the decline in the northeast corner was explained by fishing mortality. The mass mortality equaled approximately 6484 metric tons of harvestable scallop meat (equivalent to US $100 million ex-vessel). Closing the NLCA to fishing in 1994 removed fishing mortality, increasing scallop survival rates. Scallops that recruited in 1994 reached 10 yr of age in 2004. Individuals of this age may suffer the effects of senescence, including parasitism by shell borers and prokaryotic infection, which likely caused the mass mortality. If MPAs are used to manage fisheries, surveys with the accuracy and precision to resolve population dynamics on the spatial scale of the MPA are required or the benefits may be offset by increases in natural mortality.
INTRODUCTION
Marine Protected Areas (MPAs) are becoming a widely accepted management tool used to reduce fishing mortality and increase the long-term stability of fisheries (see reviews by Sanchez Lizaso et al. 2000 , Hilborn et al. 2004 , Sale et al. 2005 . Benefits of reduced fishing pressure may include increases in density, size and age of protected populations.
Sea scallops are highly fecund, gonochoristic broadcast spawners with pelagic larvae, and abundances may increase dramatically when conditions favor reproduction and survival (Caddy 1989) . Sea scallops are generally aggregated into clumps (cm (Brand 2006) . Distribution and densities of sea scallops from clumps to beds are associated with sand/gravel substrate, low decapod and fish predation, and high abundances of filamentous fauna which often grow on sea scallop shells (Stokesbury & Himmelman 1995 , Henry & Kenchington 2004 . Grounds are associated with oceanographic conditions which facilitate larval retention (Tremblay et al. 1994) .
The variability of the marine environment coupled with intense fishing pressure has resulted in a cyclic pattern of sea scallop abundance dominated by individual year-classes (Caddy 1989) . Scallops on Georges Bank have been under consistent fishing pressure since the late 1800s, the only reprieve occurring during World War II (Serchuk et al. 1979) . Scallop dredging was prohibited in 3 MPAs in 1994 to protect declining groundfish stocks, and scallop populations increased rapidly, reaching a biomass 9 times higher than those in the open areas after 4 yr of closure (Murawski et al. 2000 , Stokesbury 2002 , Stokesbury et al. 2004 , Hart & Rago 2006 (Fig. 1) .
The Nantucket Lightship Closed Area (NLCA) is a 6167 km 2 MPA in the Great South Channel (GSC) southeast of Cape Cod, Massachusetts, USA. It contains some of the highest densities of the sea scallop Placopecten magellanicus ever observed in the Georges Bank stock (mean = 1.67 scallops m -2 , SE = 0.254, harvestable biomass = 32 465 metric tons [t] of meat) (Stokesbury et al. 2004 ). Scallop density is highest in the northeast corner of the MPA (Fig. 1) . To capitalize on this high density, a short-term fishery was permitted access and harvested 584 t between 15 August and 31 October 2000 (Stokesbury & Harris 2006 To evaluate the population dynamics of scallops in the NLCA MPA, we conducted annual video surveys. We hypothesized that scallop abundance in the NLCA would decline due to several factors: (1) a substantial proportion of the scallops were large and old (Stokesbury 2002 , Stokesbury et al. 2004 ); (2) there was limited recruitment into the area (Stokesbury et al. 2004 ); (3) scallop abundance tends to fluctuate in a cyclic pattern (Dickie 1955 , Caddy 1989 ; and (4) mass mortalities have occurred historically (Dickie & Medcof 1963) .
MATERIALS AND METHODS
We video surveyed scallop density in the NLCA using a centric systematic sampling design (Stokesbury 2002 , Stokesbury et al. 2004 . This survey design is flexible and the resolution of the sampling grid can be adjusted to accommodate desired precision or logistical limitations. From 1999 From to 2002 From and 2004 From to 2006 stations in the northeast corner of the NLCA were surveyed annually on a 1.57 km grid. These surveys covered 504 km 2 and were designed for a precision of (Stokesbury 2002) . From 2003 From to 2006 stations in the NLCA were surveyed annually on a 5.60 km grid. These surveys covered 3951 km 2 and had a target precision of 15 to 30% (Stokesbury et al. 2004) (Fig. 1 ). We were unable to sample the NLCA in 2003 on the 1.57 km grid; however, the 5.60 km grid survey includes this area.
The surveys were conducted with a DeepSea multi SeaCam 2050 ® underwater video camera mounted vertically on a pyramid, 1575 mm above the sea floor, providing a 3.24 m 2 quadrat (Stokesbury et al. 2004 ). Four quadrats were sampled at each station, increasing the sample area to 12.94 m 2 . The time, depth, number of live and dead scallops, latitude and longitude were recorded at each station. After each survey the videotapes were reviewed in the laboratory and a still image of each quadrat was digitized. The field data were verified and the shell height (mm) of each scallop was measured in the still image using Image Pro Plus ) and SE were calculated for each survey using equations for a multi-stage sampling design (Cochran 1977 , Stokesbury 2002 . Scallop densities were compared between years with a t-test or, if the variance were heterogeneous, a Welch's approximate t '-test (Zar 1996) .
The absolute number of scallops within a survey area was calculated by multiplying scallop density by the total area surveyed (Stokesbury 2002) . Estimates of scallop meat weight in grams (w) were derived from shell height frequencies (s) collected during each survey and a shell height to meat weight regression fit to data from dissections of live scallops (n = 103, r 2 = 0.91) collected during fishing trips in the NLCA between August and October 2000 (Stokesbury et al. 2004) :
(1)
Mean w was multiplied by the total number of scallops in the survey area to estimate the total biomass of scallop meats.
Two methods were used to calculate instantaneous natural mortality (M ). The first method (the 'clapper ratio') uses the ratio between the abundances (i.e. density) of clappers, shells of dead scallops still attached by the ligament (D), and live scallops (L) observed in the video survey, multiplied by the rate at which the shell ligament degrades (Merrill & Posgay 1964) : (2) where 52 = number of wk yr
, and t = average number of weeks it takes for the 2 valves to separate, estimated as 33 wk on Georges Bank (Merrill & Posgay 1964) . This ratio produces a point estimate of instantaneous natural mortality (M c ) at the time of the survey (Dickie 1955). It assumes that clappers and live scallops are sampled equally. Further, this mortality estimate omits fish and crustacean predation where the shells are disarticulated (Stokesbury & Himmelman 1995) .
The second method produces an annual estimate of instantaneous natural mortality (M a ), which is the difference between the instantaneous total mortality (Z) and the instantaneous fishing mortality (F ). Z of recruited scallops observed by the video survey was calculated using (Beverton & Holt 1957 , Ricker 1975 : (3) where n 0 = number of scallops greater than or equal to size at recruitment to the fishery (90 mm shell height) at the initial time (t = 0), and n 1 = number of scallops greater than or equal to 90 mm plus the growth increment estimated for the time (yr) between subsequent surveys (Δt). The growth increment was estimated with the von Bertalanffy growth function (VBGF): (4) where H t (mm) = scallop shell height at time t (yr), t 0 = theoretical time when H is zero, and k (yr -1 ) is the rate at which shell height approaches the mean asymptotic size H ∞ (mm) (Beverton & Holt 1957) . We applied the VBGF parameters H ∞ = 155 mm, k = 0.33 yr -1 for the GSC and set t 0 = 0.5 yr to roughly correspond with initial shell growth after settlement in late autumn (Harris & Stokesbury 2006) . F was calculated using Baranov's catch equation (Ricker 1975) recast as: (5) where C = number of scallops harvested.
The 2004 fishery harvested 1134 t of scallop meats equaling 25 million scallops assuming a mean individual meat weight of 0.0458 kg (see Table 1 ). The mean meat weight was estimated using the shell heights observed in 2004 and the shell height meat weight regression collected in 2000 (our Eq. 1, Stokesbury et al. 2004) .
We predicted the scallop shell height frequency in 2005 by applying growth to the shell height frequency observed in 2004. The density of scallops in each 10 mm bin was calculated by multiplying the fraction of scallops measured by the total observed and dividing by the area viewed (no. stns × 12.94 m 2 ). The shell heights from 2004 were projected to the time of the 2005 survey using the VBGF parameters for GSC sea scallops and assumed no growth for scallops greater than the mean maximum asymptotic size, H ∞ = 155 mm (our Eq. 4, Harris & Stokesbury 2006) . We subtracted the observed scallop shell height frequency in 2005 from the predicted shell height frequency to estimate which sizes suffered the greatest mortality. Fig 2) .
RESULTS

Estimated
Based on abundance, Z was 0.56 yr (Table 3) .
The scallops were very large in the northeastern corner of the NLCA; 10.0, 15.5, and 14.1% were greater than H ∞ = 155 mm in 2004, 2005, and 2006 respectively, compared to 2.3% in 1999 (Fig. 3) perished, 80% had a shell height greater than 130 mm (Fig. 4) . Marine bivalve populations suffer natural mortality from many sources, including abiotic agents (such as temperature, aerial exposure, salinity, oxygen concentration, siltation, burial by shifting sediment, and direct movement to unfavorable habitats by current) and biotic agents (primarily predation, parasitism, and disease). Several of these factors occurring in concert, or a catastrophic event such as a storm, widespread anoxia or a disease epidemic, may result in mass mortalities (Dame 1996) .
The scallops in the northeastern corner of the NLCA occur at 40 to 100 m depth. Therefore, many of the abiotic agents that cause mass mortalities in the intertidal or subtidal zones are unlikely to influence this aggregation. In the Gulf of St. Lawrence, the largest mass mortality events, where up to 80% of the sea scallops died, were caused by wind-induced conditions exposing sea scallops to lethal water temperatures of about 20°C between 1928 and 1950 (Dickie & Medcof 1963 . However, extreme temperature fluctuations are unlikely in the NLCA where tidal currents are strong and the water column is well mixed (Merrill & Posgay 1964 , Butman & Beardsley 1987 .
Tidally induced bottom currents can be strong in the NLCA (exceeding 30 cm s -1 ) and storm events are common during winter months (Brown & Moody 1987 , Butman & Beardsley 1987 . High flow from tides and storms, which moves sea scallops and sediment, caus- Table 3 . Placopecten magellanicus. Natural mortality (M c ) estimated from the ratio of the abundance (ind. × 10 6 ) of clappers to live sea scallops (Eq. 2). CI = ± 95% Between 1 November 2004 and 31 January 2005, commercial scallopers fishing in the NLCA reported catches and provided samples of scallops infested with boring sponges Cliona vastifica and polycheate worms Polydora sp. These parasites weaken the shells of scallops, making them more vulnerable to predation (Evans 1969 , Bergman et al. 1982 . Scallopers also reported areas in the northeast corner of the NLCA where the meat of large scallops was so small, stringy in texture, and gray that it was unmarketable. Grayishbrown tinged, flaccid, stringy meat in scallops may be caused by clionid infestation or prokaryotic infection (Medcof 1949 , Gulka et al. 1983 . Small, stringy, gray meat occurs primarily in large, old scallops; Stevenson (1936) related these conditions to senescence in Bay of Fundy sea scallops, while Medcof (1949) noted that large, old scallops of approximately 8 or 9 yr of age, >135 mm shell height, had sufficient clionid parasitism to cause this meat condition in the Gulf of St. Lawrence. Prokaryotic infection caused similar meat conditions and a mass mortality of 73% of sea scallops, of varying sizes, in Narragansett Bay, Rhode Island (Gulka et al. 1983 We selected a survey method designed to obtain absolute estimates of scallop density at spatial and temporal scales congruent with the NLCA MPA. However, the precision of the 5.60 km grid survey was still too low to detect a significant difference in the scallop densities before and after the mass mortality. Using the 1.57 km grid survey we estimated an instantaneous natural mortality of 0.47 yr -1 equal to an annual rate of 38%. This estimate captures the mass mortality and is approximately 5 times higher than the instantaneous natural mortality rate of 0.10 yr -1 assumed by fisheries managers (Serchuk et al. 1979 , Caddy 1989 , Hart & Rago 2006 .
Estimates of natural mortality have a strong influence on USA sea scallop fisheries management, which employs a yield-per-recruit model. Among the parameters used to calculate the yield-per-recruit curve, variations in natural mortality (M ) are likely to influence the shape of the curve more than any other (Beverton & Holt 1957) . The estimate of M = 0.10 yr -1 is based on stock-wide data from a heavily fished population where few scallops reached a large size and old age. It is assumed to represent scallops in specific areas, which may contain high densities and large individuals (Hart 2003) . Taking into account the potential for mass mortalities may reduce the maximum yield-per-recruit increasing the corresponding fishing mortality (F max ) (Beverton & Holt 1957) .
Closing the NLCA to fishing resulted in increased scallop survival rates: scallops that recruited in 1994 reached at least 10 yr of age in 2004. However, as we hypothesized, sea scallops suffered a mass mortality between 2004 and 2005 with a 35% decline in overall density and a 50% decline in the northeast corner of the MPA. The majority of scallops that perished were large, suggesting advanced age, and may have suffered effects of senescence, including infestation by boring sponges Cliona vastifica and polycheate worms Polydora sp., and prokaryotic infection.
MPAs are viewed as an insurance policy against stochastic and unforeseen events associated with the uncertainty surrounding fisheries management strategies. However, resource availability, recruitment, inter-and intraspecific interactions, and space will determine the maximum size a population can reach in a MPA (Sanchez Lizaso et al. 2000) . When these factors become limiting, increased natural mortality or emigration will dampen population growth (Sanchez Lizaso et al. 2000) . Although sea scallops can swim short distances, they do not migrate (Posgay 1981 , Stokesbury & Himmelman 1996 . Removal or reduction of fishing effort in MPAs may lead to rebuilding of sea scallop stocks, but the resource cannot be guaranteed indefinitely, and natural mortality must be considered and monitored (Hilborn et al. 2004) . Our research underscores the need for surveys with the accuracy and precision to resolve population dynamics on the spatial scale of the MPA (in this case 10s to 1000s of km 2 ).
